In Brief Saag et al. extracted DNA from skeletal remains of ten individuals from Estonia dating to 4,500-6,300 years ago. They find that while Estonian hunter-gatherers of Comb Ceramic culture were closest to Eastern hunter-gatherers, first farmers of Estonia had Steppe ancestry with some sex-specific genetic input from descendants of Anatolian farmers.
SUMMARY
The transition from hunting and gathering to farming in Europe was brought upon by arrival of new people carrying novel material culture and genetic ancestry. The exact nature and scale of the transition-both material and genetic-varied in different parts of Europe [1] [2] [3] [4] [5] [6] [7] . Farming-based economies appear relatively late in Northeast Europe, and the extent to which they involve change in genetic ancestry is not fully understood due to the lack of relevant ancient DNA data. Here we present the results from new low-coverage whole-genome shotgun sequence data from five hunter-gatherers and five first farmers of Estonia whose remains date to 4,500 to 6,300 years before present. We find evidence of significant differences between the two groups in the composition of autosomal as well as mtDNA, X chromosome, and Y chromosome ancestries. We find that Estonian hunter-gatherers of Comb Ceramic culture are closest to Eastern hunter-gatherers, which is in contrast to earlier hunter-gatherers from the Baltics, who are close to Western hunter-gatherers [8, 9] . The Estonian first farmers of Corded Ware culture show high similarity in their autosomes with European hunter-gatherers, Steppe Eneolithic and Bronze Age populations, and European Late Neolithic/Bronze Age populations, while their X chromosomes are in addition equally closely related to European and Anatolian and Levantine early farmers. These findings suggest that the shift to intensive cultivation and animal husbandry in Estonia was triggered by the arrival of new people with predominantly Steppe ancestry but whose ancestors had undergone sex-specific admixture with early farmers with Anatolian ancestry.
RESULTS AND DISCUSSION
The change from hunting and gathering to farming was associated with important demographic and cultural changes in different parts of the world. The process involving changes in lifestyle and in material culture, such as the introduction of pottery, has often been referred to as the Neolithic transition. This term can become confusing when talking about eastern and northern areas of Europe like Estonia, where the first signs of crop cultivation appeared 6,000 years before present (years BP) and pottery even earlier, but the transition to intensive cultivation and animal husbandry is estimated to have taken place much later, between 4,800 and 4,000 years BP [10, 11] . This change is associated with a gradual shift from the primarily hunting-and gatheringbased Comb Ceramic culture (CCC) to the farming-based Corded Ware culture (CWC). The appearance of CWC in Estonia is clearly associated with cultivation and animal husbandry, as suggested by findings of bones of sheep or goats, pigs, and cattle, as well as artifacts made of these bones in burial sites, numerous occurrences of Cerealia pollen in bog and lake sediments, barley seeds and a seed imprint on a pot shard, and stable isotope ( 13 C and 15 N) signatures compatible with increased cereals in the diet of humans [12] [13] [14] .
To shed more light on the genetic changes during the shift to farming-based economies in Estonia, we extracted DNA from teeth from skeletal remains of ten individuals from Estonia dating to 4,500-6,300 years BP. These included five individuals associated with the Neolithic CWC (4,800-4,000 years BP), four with the Neolithic CCC (5,900-3,800 years BP), and one with the Mesolithic Narva culture (NC) (7, 900 years BP) ( Figure 1 ; Table 1 ; STAR Methods). Initial shotgun sequencing yielded endogenous DNA (reads mapping to the human genome) in proportions higher than 1% for eight individuals whose genomes were further shotgun sequenced to whole-genome coverage between 0.01 and 2.13 (Table S1) . Genetic sexing based on the proportion of reads mapping to X chromosomes confirmed assignments based on morphology (available for six out of ten samples) and provided additional information about the sex of the individuals involved in the study (Table 1) .
Maternal and Paternal Ancestry of Estonian
Ancient DNA Mitochondrial DNA coverage was sufficiently high for haplogroup (hg) assignments for nine out of the ten individuals (Tables 1 and S2 ). The only individual that had to be excluded from further analyses because of low endogenous DNA content and coverage was one CCC individual from the Naakam€ ae site. When compared against 2,291 present-day Estonian whole mtDNA sequences, the nine prehistoric samples showed 0-9 differences (mean 3.2) from the closest living relative ( Figure S1 ). The NC individual and all three successfully haplogrouped CCC individuals belonged to hg U (more specifically, sublineages of U5a, U5b, U4a, and U2e), which is in accordance with previous results on European hunter-gatherer populations [1, 2, [17] [18] [19] [20] [21] . The CWC individuals displayed a more diverse set of mitochondrial hgs, including H5a, T2a, and J1c, that first appeared in Europe during the Neolithic [1, 2, [22] [23] [24] [25] [26] [27] . Notably, two out of five CWC individuals shared hg U5b affiliation with the hunter-gatherer groups.
Y chromosome hg affiliation could be determined for five male individuals with whole-genome coverage of 0.13 or above (Table S3 ). While the chances that a position of interest is sequenced at this low genome-wide coverage are marginal, the basic hg assignments are still robust due to the multitude of equivalent informative positions that define each clade. Based on the available data (Table S3) all five individuals could be confidently assigned to hg R and none to hg N, which is a highly common hg in modern Estonians (31%) [28] . Our data support the assignment of Kudrukü la3 into an early offshoot branch R1a5 of hg R1a. This finding is further supported by the report of similar cases of R1a [29] lineages in two Eastern hunter-gatherer (EHG) genomes, one from Karelia and the other from near Samara [6, 30] . Altogether, these findings suggest that various subclades of R1a may have been common in hunter-gatherer populations of Eastern Europe and that just one of them, R1a-M417, was later amplified to high frequency by the Late Neolithic/Bronze Age (LNBA) expansion [6, 31] . The fact that two Latvian hunter-gatherer Y chromosomes have been characterized as belonging to the R1b-M269 clade [8] suggests that both subclades of R1 were present in the Baltic area before the expansion of the CWC. All four of the Estonian CWC individuals could be assigned to the R1a-Z645 subclade of hg R1a-M417, which, together with N, is one of the most common Y chromosome hgs in present-day Estonians (33%) [32] . Importantly, this R1a lineage is only distantly related to the R1a5 lineage that we found in the CCC sample. The finding of high frequency of R1a-M417 in Estonian CWC samples is consistent with the observations made for other Corded Ware and Sintashta culture sites while the remains associated with the Yamnaya culture, which is considered to be ancestral to CWC, have been found with predominantly R1b-Z2105 and no R1a lineages [6, 31] . The fact that all four of the CWC male individuals from two distinct sites in Estonia belonged to this recently expanded R1a branch, different from the one carried by CCC, suggests that admixture between CWC farmers and CCC hunter-gatherers may have been limited at least in the male lineages during the early stages of farming in Estonia.
Genome-wide Snapshot of the Estonian Neolithic
In order to reveal the place of the Estonian CCC and CWC ancient DNA (aDNA) samples on the canvas of the genomewide genetic variation patterns in Europe, we first applied the principal-component analysis (PCA) approach integrating the newly typed samples with previously published data [8, 30] (Table S4). We projected Estonian as well as other European and West Asian aDNA sequences [8, 30] (Figure 2A ). Projecting ancient samples may introduce some shrinkage bias [33, 34] , for example the shift of Kudrukü la3 toward 0;0. However, as also evident by our permutation test (see STAR Methods and Figure S3 ), this does not have a noteworthy effect on our results. Estonian CCC samples together with the Latvian CCC individual and Ukrainian huntergatherers [8] positioned close to EHGs, quite far from Western hunter-gatherers (WHGs). Since the earlier hunter-gatherer individuals from the Baltics cluster with WHGs [8, 9] , this could point toward genetic input from the east. The Estonian CWC individuals on the other hand clustered closely together with a bulk of modern as well as LNBA populations from Europe, consistent with being associated with the migration of Yamnaya culture people from the Steppe region of the Eastern European Plain [6, 31, 35 Table S4 ; Data S1). Interestingly, outgroup f3 in the form of f3(Yoruba; Yamnaya Samara, X) revealed that Estonian CCC, along with Latvian CCC and Steppe Eneolithic, shared more drift with Yamnaya Samara than did the LNBA populations of Europe (including Estonian CWC) (Data S1). This can be interpreted as sharing of EHG ancestry by Yamnaya and CCC populations on one hand and the Central European LNBA populations drawing additional ancestry from WHG and Anatolian farmers on the other. Notably, groups of Yamnaya samples from Samara and Kalmykia behaved similarly in these tests (Data S1).
When using modern populations from Europe, the Caucasus, the Near East, and Siberia as test populations for calculating outgroup f3 statistics (Table S4 ; Data S1), we found that, among all present-day populations considered, both Estonian ancient groups were most similar to extant Lithuanians (Baltic in Figure 3C) . Also, modern populations speaking Uralic (including Finnic) languages of Europe and Siberia along with all other Siberians were more similar to Estonian CCC than to CWC (Figure 3C) . These results were confirmed by D statistics in the form D(Yoruba, CCC/CWC; Estonian, Y) (Table S4 ; Data S1). This points to extant Siberians and European Uralic speakers having less Steppe ancestry than Estonian CWC did.
Admixture f3 statistics with a subset of hunter-gatherer, early farmer, and LNBA populations (STAR Methods; Data S1) revealed that Estonian CWC can be modeled through two types of admixture patterns: one combining Early Neolithic populations and EHG, and the other combining CHG and any other hunter-gatherer group. It is interesting that Yamnaya, which in turn can be seen as a combination of CHG and EHG, is not directly needed for explaining the admixture pattern in Estonian CWC. C dates 5781-5520 and 5653-5376 BP (see STAR Methods); morph., morphological; f, female; m, male; Gen., genetic; MT Hapl., mitochondrial DNA haplogroup; Y Hapl., Y chromosome haplogroup. Estimates in brackets are uncertain. See also Figure S1 and Tables S1, S2, and S3. Table S4 .
Sex-Specific Ancestries of the Estonian Corded Ware Culture
Contrasting allele frequency patterns on X versus autosomal chromosome(s) in outgroup f3 analyses ( Figure 3D ; Table S4 ; Data S1) revealed that on the X chromosome CWC is relatively more similar to Anatolian and Levantine early farmer populations and to European early farmer populations than on autosomes. Accordingly, on the autosomes, we see that most of the European and Steppe hunter-gatherer and LNBA populations tend to have relatively higher f3 values than on the X chromosome. What is more, the f3 values of the analyses using X chromosome data are as high for early farmers as they are for European hunter-gatherers and Steppe ancestry populations (shown to be most similar to CWC on autosomes already in the previous subsection). These results suggest that the gene flow associated with the spread of CWC to Estonia was sex specific, being biased toward Steppe ancestry on the male side but carrying also some European early farmer genetic ancestry on the female side. This finding is consistent with broader sex-specific patterns of admixture detected in European Bronze Age populations [40-42].
Conclusions
Our results show that individuals associated with the CCC huntergatherers in Estonia were genetically most similar to a Latvian CCC hunter-gatherer and EHGs from Karelia, a region further east from Estonia. Earlier hunter-gatherers from Latvia and Lithuania, however, appear genetically most similar to WHGs [8, 9] . This implies a degree of genetic influx from the east with the arrival of CCC. Furthermore, the presence of a genetic component also seen in CHGs and later in people representing the Yamnaya culture in EHGs and CCC individuals means that it has to be kept in mind that the presence of this component in an Eastern European individual cannot be automatically attributed to the expansion of the CWC. The transition to intensive farming and animal husbandry in Estonia, which took place a few thousand years after the farming transition in many other parts of Europe [43, 44] , was conveyed by the CWC individuals and involved an influx of new genetic material. These people carried a clear Steppe ancestry with some minor Anatolian contribution, most likely absorbed through female lineages during the population movements. Our results confirm a recently reported claim that farming did not arrive to the Baltic region as a consequence of gradual migration Table S4 and Data S1.
of people from Anatolia [8] . However, our genetic data associated with the archaeological records demonstrate that the transition to farming in the Baltic region was not the result of only cultural transmission either, but was instead the result of migration of farming people from the Steppe. What is more, since the genetic variation of contemporary Estonians cannot be fully explained by these events, further research will be needed to reveal the subsequent demographic events that inter alia brought Y chromosome hg N onto the shores of the Baltic Sea.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
The teeth used for DNA extraction were obtained with relevant institutional permissions from the Tallinn University Archaeological Research Collection and the Narva Museum. DNA was extracted from 10 teeth, 5 of which belonged to Neolithic CWC individuals, 4 to Neolithic CCC individuals and 1 to a Mesolithic NC individual (Figure 1 , Table 1 
Archaeological evidence for the arrival of farming in Estonia
The first signs of crop cultivation in Estonia appeared 6,000 year BP, 2000 years after the first evidence of farming in Southern Europe [43, 44] , while the transition to the intensive cultivation and animal husbandry is estimated to have taken place much later, between 4,800-4,000 year BP [11] . This change is associated with a gradual shift from the primarily hunting-gathering-based Comb Ceramic culture (CCC) to the farming-based Corded Ware culture (CWC). CCC is thought to have arisen around 5,900 year BP in areas east of the Baltic Sea and spread as far as Estonia, parts of Finland, Sweden, Russia, Belorussia, and Latvia and Lithuania (Figure 1 ) [58] . CCC sites have been found predominantly near bodies of water and it has been suggested that the hunter-gatherer groups, making clay pots that were decorated with a comb-like stamp, largely lived off of fishing, hunting and gathering, as demonstrated by the animal bones found from CCC sites and by stable isotopes ( 13 C and 15 N) of human remains [58] [59] [60] . Conversely, the rise of CWC around 4,800 year BP [61] has been associated with the late spread of farming. CWC later reached Finland, Sweden and Norway in the North (Figure 1) , Tatarstan in the East, Switzerland and Ukraine in the South, and Belgium and France in the West [62] [63] [64] . Demic diffusion from the Steppe region [65] has been recently supported by aDNA evidence and proposed to be associated with the appearance of CWC in Europe [6, 31] . CWC in Estonia is, among other traits, characterized by clay vessels often decorated with cord impressions, boat-shaped stone axes [58] and clear evidence of cultivation and animal husbandry, i.e., bones of sheep/goat, pig, and cattle as well as artifacts made of them found mostly from burial sites, numerous occurrences of Cerealia pollen in bog and lake sediments, barley seed and a seed imprint on a pot shard, and stable isotopes ( 13 C and 15 N) of human bones [12] [13] [14] . [67, 68] . The ancestry of both Comb Ceramic and Corded Ware culture people on the other hand has been widely debated among archaeologists and three interpretations have been suggested to explain the appearance of the new complexes: 1) local development; 2) migration; 3) a combination of both [58, 68, 69] . Only four Mesolithic burial grounds have been found in Estonia so far: Kivisaare, Veibri, Kõ nnu and Narva Joaorg. All four burial grounds are located in settlement sites, but the simultaneous use of dwelling site and cemetery has not been proven or disproven. Some human bones have also been found in the Mesolithic layer of settlement sites in Narva Joaorg, Pikasilla, K€ a€ apa and Riigikü la III [60] . All of the remains are from the Late Mesolithic, the oldest being dated to around 6500 cal BC [60] . No human remains have been found from the first 2500 years of settlement in Estonia.
Information about the archaeological time periods and cultures of this study
There are four certain Comb Ceramic culture burial grounds known in Estonia (Kõ ljala and Naakam€ ae on island Saaremaa, Valma in Central Estonia and Tamula in Southeastern Estonia) with remains of more than 30 individuals altogether [60] . Burial grounds in Kivisaare (already used during the Mesolithic), Kü lasema and Jalukse are also considered by some as being used by Comb Ceramic culture people [60] based on the recovered grave goods, i.e. pendants made from animal teeth [58] . Some human bones have also been found from settlement sites (for example two mandibles and a maxilla from settlement Kudrukü la) that belong to Comb Ceramic culture individuals as indicated by the nearby artifacts [70] . Burial grounds were mostly located near dwellings and in 3 out of 4 cases there is also evidence for a Stone Age settlement in the same location. In the case of Tamula I settlement site, it has been suggested that the dead were buried inside houses [58] .
Corded Ware culture burial grounds are more numerous (a few dozen are known) and remains from more than 30 individuals have been unearthed. Most of the burial grounds are located in Northern Estonia and island Saaremaa [71] . Unfortunately, large number of the burial grounds have been discovered during ploughing or ditch digging and the majority of bones and artifacts have been reburied or have gone missing before archaeologist have had a chance to study the finds. So far it has been possible to conduct scientific research only on few graves from burial sites at Sope B, Narva-Jõ esuu IIb, Ardu and Kunila [72] [73] [74] [75] [76] .
Archaeological information about the sites and burials of this study Kivisaare Kivisaare site is located in Central Estonia, about 6 km away from Lake Võ rtsj€ arv. It is an extensive settlement site and a burial ground, which has been used in several occasions from Mesolithic to Early Bronze Age [77, 78] Altogether more or less preserved skeletons of at least 26 individuals and loose human bones have been discovered [60] . Six skeletons have been radiocarbon dated, and the mean results range from 5200 cal BC (6233 ± 48, UAB-27670) [60] to 1400 cal BC (3161 ± 38, UBA-25991/ KIA-50293) [78] . The analyzed individual was unearthed in 1965. It is a child, who was buried into shallow oval-shaped (1.6 3 0.6 m) grave (if not noted otherwise, all of the presented data regarding sex and age at death of an individual were gathered during an osteological analysis which was conducted in the scope of this article). The body was in an extended supine position, head directed toward South-West and no grave goods were recovered [84] . Based on the dating (using AMS method) the individual died around 4361-4236 cal BC (95.4% probability; 5450 ± 40 BP; Poz-10840) [84] . Kudruküla The Stone Age site is located on the coastal area of North-Eastern Estonia, 2.7 km away from the modern shoreline of the Baltic Sea. The site was discovered at the end of the 1960s (Eldar Efendiev), the excavations were held in 1980-1981 (Kaarel Jaanits and Eldar Efendiev) [85] and geoarchaeological research was conducted in 2010-2013 (Aivar Kriiska, Alina T sugai, Jü ri Plaado, Alar Rosentau and Tiit Hang) [86] .
The human remains were recovered from a layer of settlement and probably a cemetery site which had been washed away by the river and later buried underneath 3 m thick sand layers [86] . Bones from at least three individuals (one child, two adults). The child and one of the adults have been dated [87] . Unfortunately, the contextual information of the samples has gone missing and therefore only ambiguous results can be presented in the synthesis of the article. One of the dated individuals had died around 3781-3520 cal BC (95.4% probability; 4860 ± 60 BP, CAMS-6266) and the other around 3653-3376 cal BC (95.4% probability; 4770 ± 60 BP; CAMS-6265). Based on the collected artifacts, the site was used during the Comb Ware culture [71] . Ware inhumation was unearthed from the settlement site and according to locals another skeleton with animal teeth pendants has been found from the area [58] . The excavated and sampled (for aDNA) individual was found in extended supine position, arms resting in the stomach area, head directed toward North-East. Ochre was found underneath the cranium and an awl was next to the left femur. The skeleton has been dated (using AMS method): the person died around 2891-2488 cal BC (95.4% probability; 4125 ± 85 BP; Ua-4822) [87] . Ardu The burial ground is situated in Northern Estonia, about 100 m from the Pirita river. Two inhumations have been unearthed in 1931 (Richard Indreko) and in 1936 (E. Saadre) [74] . Samples for aDNA have been taken from both of the skeletons. The grave which was found in 1931, was 80-90 cm deep. 35-45 years old male had been placed on his left side, his legs were flexed and his hands were placed nearby his head. The head was directed toward North. A stone adze was found nearby the cranium and next to the os coxae were a flint knife and a bone awl. Additionally, a bone pin (thicker in the middle), which was probably used to fasten the hems of the overcoat was recovered [58] . The skeleton has not been radiocarbon dated. In 1936 another inhumation was unearthed, revealing a skeleton of a man who had been placed on his left side, head directed toward North. The grave was 100-125 cm deep. The man, whose age at death was 40-45 (50) years [89] , was accompanied by several grave goods: next to his cranium was a stone battle axe and a corded ware beaker; a bone adze was nearby his right shoulder; in the close vicinity of the right hand were a flint adze, bone awl and an antler point; next to the left hand was a flint bladeknife. The overcoat or a mortuary clothing was fastened with a bone double-button and the item was found in the area of the pelvic girdle. The skeleton has been dated (using AMS method): he died around 2871-2505 cal BC (95.4% probability; 4110 ± 40 BP; Poz-10824) [13] . Kunila Kunila is located in Central Estonia. Human remains and a stone axe were found by chance in 1938; excavations were held in 1948 (Lembit Jaanits) [75] . Remains from two individuals were unearthed. The skeleton of the first individual was not completely articulated -the bones were in several bundles and all were found 50-60 cm deep from the surface. The grave goods of the individual consisted of a stone axe, flint knife, stone adze, several bone tools from wild boar tusks and teeth from wild boar [75] . Probably this is a secondary deposit of the human remains [90] . The skeleton has not been radiocarbon dated.
The remains of the second individual were also found 50-60 cm below surface and were commingled; additionally, a flint adze and a whetstone were found as grave goods [75] . It is probable that the second burial is older than the first; also it is likely that the first deposition was disturbed by the second burial, while some of the anatomical connection of the first individual were still intact [90] . The skeleton has been dated (using AMS method): the individual had died around 2576-2340 cal BC (95.4% probability; 3960 ± 40 BP; Poz-10825) [84] . Sope The cemetery is situated on the coastal area of North-Eastern Estonia, roughly 1.8 km away from modern shoreline of the Baltic Sea. It is the largest known Corded Ware cemetery site in Estonia, comprising of two separate burial grounds (Sope A and B) where about 10 individuals have been buried [90] . All of the known burials were inhumations, where individuals have been placed in a flexed position, as is characteristic to Estonia and also to the wider Eastern-Baltic region. Majority of the skeletons were found during plowing in the beginning of the 20 th century [84], but two have been archaeologically studied in 1926 (Harri Moora) [72] and in 1933 (Richard Indreko) [73] . Both of the skeletons have been dated (using AMS method): the woman who was excavated in 1926 died around 2575-2350 cal BC (95.4% probability; 3969 ± 32 BP; UBA-29064) and the woman who was found in 1933 died around 2865-2495 cal BC (95.4% probability; 4090 ± 35 BP; Poz-10827) [84] . The analyzed tooth derives from the grave which was excavated in 1926. The overall length of the unearthed deposition was only 1 m. The bones of the individual were commingled and only a partial skeleton was present, e.g., no carpal or tarsal bones were found [89] . The deposition also included an awl from sheep/goat bone (Ovis aries/Capra hircus), a fragment of an awl and a fragment of an item from cattle bone (Bos taurus) underneath which was a tooth from a pig (Sus scrofa). It has been suggested that the remains along with the artifacts were brought to the burial ground after the body had decomposed somewhere else [90] .
METHOD DETAILS
All of the laboratory work was performed in dedicated ancient DNA laboratories at Centre for GeoGenetics, Natural History Museum, University of Copenhagen. For most of the samples, DNA was extracted, libraries prepared and DNA sequenced as in Allentoft et al., 2015 [31] . Since samples Kudrukü la and Sope (1st extraction) were treated earlier, an older protocol with some differences was used while working with these samples. The main steps of the laboratory work and the differences between protocols are listed below.
DNA extraction
The teeth were cleaned with a drill and cut in half horizontally. The cementum layer of the tooth roots was specifically targeted [45] and for 3 teeth (1st extraction and sample Ardu1) DNA was also extracted from the dentine, giving 13 samples in total for DNA extraction.
To remove contaminants from the surface of tooth pieces/powder, a pre-digestion step was carried out by adding a custom digestion buffer [45] and incubating the sample in a slow rotor for half an hour. After that the buffer was replaced with a clean one and the samples were left to digest overnight. Undigested material was stored for a second DNA extraction if need be.
Silica beads and a custom binding buffer (final concentrations for 1st extraction Guanidinum thiocyanate 59%, Tris 0,05 M, NaCl 0,025 M, EDTA 0,02 M, N-Lauroylsarcosine 0.5% [91]; for others PB buffer (MinElute PCR Purification Kit, QIAGEN) with added substances with final concentrations for Sodium acetate 88 mM and NaCl 25 mM, and 37% HCl until pH = 4 was reached [31]) were added and the samples were kept in the dark in a rotor for approximately two hours to bind DNA to silica beads. Then the samples were washed with 80% ethanol and eluted in 20 mL EB buffer (MinElute PCR Purification Kit, QIAGEN).
Library preparation
Sequencing libraries were built using NEBNext DNA Library Prep Master Mix Set for 454 (E6070, New England Biolabs) and Illuminaspecific adaptors [46] following established protocols [46, 92, 93] . The end repair module was implemented using 2,5 mL of buffer and 1,25 mL of enzyme mix, and incubating at 12 C for 20 and at 37 C for 15 min. The samples were purified and eluted in 15 mL EB buffer (MinElute PCR Purification Kit, QIAGEN). The adaptor ligation module was implemented using 5 mL of buffer, 2,5 mL of T4 ligase, 2 mL of water and 0,5 mL of each adaptor [46] , and incubating at 20 C for 15 min. The samples were purified and eluted in 20 mL EB buffer (MinElute PCR Purification Kit, QIAGEN). The adaptor fill-in module was implemented using 2,5 mL of buffer and 1,5 mL of Bst DNA polymerase, and incubating at first at 20 C and then at 80 C for 20 min. The libraries were amplified and first indexed primers and then sequencing primers [46] were added with two PCR amplification runs using AmpliTaq Gold DNA polymerase (Applied Biosystems by Life Technologies). The samples were purified and eluted in 20 mL EB buffer (MinElute PCR Purification Kit, QIAGEN). Two verification steps were implemented to make sure library preparation was successful -gel electrophoresis after PCR amplifications and a BioAnalyser (Agilent Technologies) run after purifying the libraries.
DNA sequencing DNA was sequenced using the Illumina HiSeq 2500 platform with the 100 bp single-end method. All samples were first sequenced together on one lane, one sample (Sope_r) became part of a Bronze Age project The Rise [31] and was therefore sequenced many times, and 7 other samples from different individuals with endogenous DNA content over 1% were sequenced further on 8 lanes.
QUANTIFICATION AND STATISTICAL ANALYSIS Mapping
Before mapping, the sequences of adaptors and indexes were cut from the ends of DNA sequences using Trimmomatic 0.32 [47] with the option ILLUMINACLIP. Sequences shorter than 30 bp were also removed with the option MINLEN to avoid random mapping of sequences from other species.
The sequences were mapped to reference sequence GRCh37 using Burrows-Wheeler Aligner (BWA) [48] and command aln. After mapping, the sequences were prepared for analyses by first converting them to SAM format with BWA command samse. Then the sequences were converted to BAM format, sequences that mapped to the reference sequence were sorted out, and PCR duplicates were removed, all of which was done with samtools 0.1.19 [49] .
The average endogenous DNA content (proportion of reads mapping to the human genome) for hunter-gatherers was 2% but for farmers 36.5% (Table S1 ). Eight samples with the highest endogenous DNA content were sequenced further (* in Table S1 ).
aDNA authentication As a result of degrading over time aDNA can be distinguished from modern DNA by certain characteristics: short fragments with long single-stranded overhangs and a high frequency of C / T substitutions at the 5 0 ends of sequences due to cytosine deamination. The program mapDamage2.0 [50] was used to estimate the frequency of 5 0 C / T transitions, the fraction of bases located in singlestranded overhangs (l) and the C / T substitution rate in those overhangs (ds). mtDNA contamination was estimated using the method from Fu et al. 2013 [18] .This included calling an mtDNA consensus sequence based on reads with mapping quality at least 30 and positions with at least 5x coverage, aligning the consensus with 311 other human mtDNA sequences from Fu et al. 2013 [18] , mapping the original mtDNA reads to the consensus sequence and running contamMix 1.0-10 with the reads mapping to the consensus and the 312 aligned mtDNA sequences while trimming 7 bases from the ends of reads with the option trimBases.
For the male individuals we also estimated contamination based on X chromosome using the contamination estimation method first described in Rasmussen et al. 2011 [94] and incorporated in the ANGSD software [51] in the script contamination.R.
The samples showed C / T substitutions at the 5 0 ends 8%-24% (Table S1 ), l 31%-45% and ds 18%-66%. mtDNA contamination could be estimated for 10 out of the 13 samples and it's point estimate ranged from 0.1% to 2.5% (Table S1 ). X chromosome contamination could be estimated for 3 of the 7 male individuals and was between 0.9% and 1.9% (Table S1 ).
Calculating coverage and determining genetic sex BEDTools 2.19.0 genomecov [52] was used to determine the coverage of each nucleotide in the reference sequence. Mitochondrial and full genome coverages were calculated as the average of the nucleotide coverages of each genome.
Genetic sex was calculated using the script sexing.py from Skoglund et al. 2013 [53] , estimating the fraction of reads mapping to Y chromosome out of all reads mapping to either X or Y chromosome.
The mtDNA coverage for all of the samples was between 0.07 and 130 and the genomic coverage ranged from 0.00006 to 2.13 (Table S1 ). Genetic sexing confirmed morfological sex estimates (where available) and provided additional information about the sex of the individuals involved in the study. The sex of one of the samples, Naakam€ ae could not be estimated due to low coverage. Apart from the sample Naakam€ ae, the study involves 3 females and 6 males ( Table 1) . Determining mtDNA haplogroups mtDNA haplogroups were determined by submitting mtDNA VCF files to HaploGrep2 [54, 55] . Later the results were checked visually by aligning mapped sequences to reference sequence rCRS [95] with samtools 0.1.19 [49] command tview and comparing the variants with the previously suggested lineage in PhyloTree [55] .
Variant calling
Y chromosome variant calling and haplogrouping Y chromosome variants were called from the bam files of the six male samples that had higher than 0.1x genome coverage, five from CWC and one from CCC group, using ANGSD [51] . The resulting VCF files were filtered for regions of a total length of 8. The Kudrukü la3 CCC hunter-gatherer sample was assigned to hg R1a5 as it was called with derived alleles in two R1a-M420 and one R1a5-YP1272 defining site while at 6 other R1a defining sites that were covered by data it showed the presence of an ancestral allele. Although the sample had low coverage, the hg R1a5 assignment of Kudrukü la3 is further supported by the fact that it had 7 derived (versus one ancestral) alleles in upstream branches defining hg R while showing predominantly ancestral alleles at two other extant subclades of R. More specifically, we observed 11 ancestral calls and 1 derived call in R1b and 13 ancestral and no derived calls in R2 defining sites.
Principal component analysis
To prepare for principal component analysis (PCA), the per-individual data of this study was converted to BED format using PLINK 1.90 (http://www.cog-genomics.org/plink/1.9/) [56] . Data from 991 individuals from 67 populations of Europe, Caucasus and Near East from the Human Origins dataset [30] (Table S4 ) was used as the modern DNA background. 284 samples from 31 populations [8, 30] were used as an aDNA comparison dataset (Table S4 ). The 3 datasets were merged and only the positions from the Human Origins dataset that were used in Lazaridis et al. 2016 [30] were kept (587,469 SNPs). Due to a low number of SNPs, 3 of the ancient Estonian individuals were removed from further autosomal analyses, leaving 2 CCC (Kudrukü la2 and 3) and 5 CWC individuals (Ardu1 and 2, Kunila1 and 2, Sope) from Estonia to be used in autosomal analyses. The data was converted to EIGENSTRAT format using the program convertf from the EIGENSOFT 5.0.2 package [57] . PCA was performed with the program smartpca from the same package, projecting ancient samples onto the components constructed based on the modern dataset using the option lsqproject.
To see how much the subset of SNPs present in a given aDNA sample influences its placement on the background of modern samples on the PCA plot, a test was run using different subsets of SNPs of a modern sample. The exact SNPs and ten sets of the same number of random SNPs as are present in the two lowest covered samples (7,773 and 33,488 SNPs) and the best covered sample (497,557 SNPs) of this study were used. It was evident that all of these new samples placed around the original modern sample and in
